As diversity in amphibian species declines, the search for causes has intensified. Work in this area has shown that amphibians are especially susceptible to the combination of heightened UVB radiation and increased nitrate concentrations.
Introduction
In previous work (Melott et al., 2005; Thomas et al., 2005 Thomas et al., , 2007 Thomas et al., , 2008 Thomas and Melott, 2006; Ejzak et al., 2007) we have evaluated the biological impact of astrophysical ionizing radiation events, including gamma-ray bursts, supernovae and solar flares. We have computed relative DNA damage caused by heightened solar UVB (290-315 nm) irradiation after depletion of stratospheric ozone. We have also computed deposition rates of nitrate (the result of removal of nitrogen oxides from the atmosphere as HNO 3 ) after particularly energetic events. In this study, we investigate the possibility that this nitrate deposition could result in an increased biological impact, in combination with already studied UVB irradiation.
The primary question is whether ionizing radiation events such as those studied in Astrophysical nitrate threat to amphibians? 3 the past would produce enough of an increase in nitrate concentrations to significantly enhance the damage caused by UVB alone. That is, is it possible that events that did not appear to be significantly harmful could actually be more dangerous when the impact of both UVB and nitrate concentrations are considered as a combined stressor?
The combination of increased UVB exposure at the Earth's surface and enhanced nitrate deposition as the atmosphere recovers is a generic result of astrophysical ionizing radiation events. It is important to note that a single event would cause both effects; ionization leads to formation of nitrogen oxides that catalytically deplete ozone and then are removed from the atmosphere (over several months' time) as HNO 3 , leading to deposition of NO 3 - (Thomas et al., 2005) . Any event that yields significant ionization of the atmosphere will lead to both effects.
There is considerable evidence that anthropogenic ozone depletion and resulting increased UVB is contributing to declines in amphibians and other biota (Blaustein et al., 1994; Blaustein and Wake, 1995; Belden and Blaustein, 2002; Bancroft et al., 2007) . These studies show that UVB alone is a significant stress on amphibian and other populations. In addition, studies have shown that the combination of stressors such UVB irradiation, increased nitrate concentrations and decreased pH has a greater effect than the individual stressors, or even a
Astrophysical nitrate threat to amphibians? 4 simple sum of the effects of each separately Blaustein, 2000, 2003; Boone et al., 2007) . Amphibians are particularly sensitive to increased levels of both UVB and nitrate because they lay their eggs in shallow waters. Blaustein (2000, 2003) report reduced survival, mass, length and activity of larvae of Cascades frogs (Rana cascadae), Pacific treefrogs (Hyla regilla), and long-toed salamanders (Ambystoma macrodactylum), due to the combination of increased UVB and nitrate concentrations. Johansson et al. (2001) found that nitrate alone is not a significant threat to the development of larvae of the common frog (Rana temporaria). Therefore, in this study we consider nitrate deposition as an additional stressor to amphibian populations already impacted by heightened UVB levels after an astrophysical ionizing radiation event.
Methods
Previous studies have reported computed deposition rates of nitrate following astrophysical ionizing radiation events, in particular gamma-ray bursts (GRBs).
These events were modeled using the NASA Goddard Space Flight Center 2D
atmospheric chemistry and dynamics model. The model and results of simulation runs with nitrate deposition rates for various events are described in Thomas et al. Astrophysical nitrate threat to amphibians?
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(2005) and Melott et al. (2005) . Our use of this model for other types of events is described in (Ejzak et al., 2007; Thomas et al., 2007 Thomas et al., , 2008 For this study, we are interested in evaluating the maximum possible impact of nitrate as an additional stressor, specifically on amphibian populations, which are known to be particularly sensitive to the combination of increased UVB and nitrate concentrations. To this end, we use the largest nitrate deposition rate from a suite of simulation runs reported in Thomas et al. (2005) , for a GRB delivering a fluence of 100 kJ m -2 . This maximum value is 3 x 10 -9 g m -2 s -1 , for a burst occurring over the North Pole in September (the Autumnal Equinox). Maximum deposition occurs over a few months, between 18 and 24 months after the burst, at latitudes between 30 and 50 degrees North.
In order to compare to amphibian studies, we must convert this deposition rate to a concentration value in water. Such conversion is subject to a variety of uncertainties including where the deposition occurs, what types of bodies of water are considered, how the nitrate is transported from the deposition site to the water (or if it is directly deposited), reactions with various compounds in the deposition region (either on land or in water), etc. There is no way for us to accurately model such complex and variable transport and conversion in a theoretical way.
Astrophysical nitrate threat to amphibians? It is important to note that this procedure yields only an upper limit on the impact.
Samples from monitoring stations are collected in containers which are exposed directly to rainfall or which collect runoff from an artificial surface. These samples are not filtered through soil, diluted in rivers or ponds, etc., as would normally be the case for deposition that affects amphibians in natural environments. Therefore, the concentration values derived from these measurements are likely to be larger, for a given deposition rate, than they would be in nature. While this certainly represents a large uncertainty, the nature of our results is such that an upper limit is appropriate and therefore this method is sufficient for the present study.
While pH has been shown to be an additional stressor on amphibian populations, we have not considered that factor in this work. 
Results
Following the procedure described above, we arrive at a final conversion factor value of 0.10 ± 0.08 mg ha L -1 kg -1
. Our modeled deposition rate (3 x 10 -9 g m -2 s This concentration can be compared to values in studies linking UVB and nitrate enhancement to amphibian population decline. Blaustein (2000, 2003) use nitrate concentrations between 5 and 20 mg L -1
. Our modeled concentrations are roughly two orders of magnitude below these values.
Discussion
Given that uncertainties in converting from deposition to concentration favor lower concentration values in a natural setting, we may safely say that the example ionization event considered here will not significantly impact amphibian populations through increased nitrate concentrations. This example event is at the high end of the likely damage range, when compared to other possible sources of ionizing radiation (e.g. supernovae, solar flares, etc.) since other events deliver comparable or lower ionizing fluence. Hatch and Blaustein (2003) found that UVB alone did not have an impact on the organisms studied, while the combination of nitrate and UVB did have an impact on survivability. It is important to note that in those experiments the UVB irradiance ranged up to a maximum of about 20 µW cm -2 , while in our previous studies of GRBs, we computed surface irradiance values up to about 500 µW cm -2 . With this level of irradiance, and given studies showing that UVB alone does adversely affect some amphibian species (e.g. Blaustein and Wake, 1994), we would still expect to see an impact on this group of organisms, even without a significant nitrate enhancement. Of course, it is known that UVB broadly impacts a variety of organisms (Bancroft et al., 2007) and our previous work has also included computations of DNA damage (using the weighting function of Setlow, 1974) that show a significant impact on organisms which are not shielded.
It is interesting to consider what magnitude event would be necessary in order to produce nitrate concentrations on the order of that used in the Blaustein (2000, 2003) studies. Given that odd nitrogen production in the atmosphere by gamma-rays scales linearly with the received ionizing fluence (Thomas et al., 2005 , Ejzak et al., 2007 , and assuming that nitrate deposition scales roughly linearly with odd nitrogen production, we may estimate that a fluence of some 10 MJ m -2 would be required to produce nitrate concentrations of order 10 mg L -1 .
An event delivering 100 kJ m -2 (as was assumed above) is likely to occur roughly every billion years, at a distance of about 2 kpc, assuming a "typical" burst of power 5 x 10 44 W and duration 10 s, as described in Thomas et al. (2005) . A similar event delivering 100 times that fluence would correspond to a distance of about 200 pc. This is about one-third the distance to the nearest probable burst in the last billion years based on the least conservative assumptions. Of course, an event of this magnitude would decimate the stratospheric ozone layer and the resulting increase in UVB would have a dramatic impact, even in the absence of any enhancement in nitrate concentrations.
It has been noted previously that increased nitrate deposition after an astrophysical ionizing radiation event may actually benefit primary producers by acting as fertilizer (Melott et al., 2005; Thomas et al., 2005) . Small amounts of nitrate may thereby indirectly benefit amphibian populations by increasing productivity of food sources. Increased levels of nitrate in aquatic environments provides nutrients for the growth of algae, etc. (Shi et al., 2005; Smith et al., 1999) , which in turn provides food for larval amphibians and other organisms.
Our expected concentration values are similar to values that Mallin et al. (2004) reported as effective in increasing productivity of phytoplankton in tidal creeks.
Therefore, we may expect that our nitrate deposition would indeed provide at least a small fertilizer effect.
Overall, we can conclude that in general astrophysical ionizing radiation events are not likely to contribute large enough nitrate concentrations to have a significant additional negative impact on amphibian populations in combination with already considered UVB enhancement, and may actually provide some small benefit by acting as fertilizer. Further studies on the negative effects of these events can therefore concentrate on better predicting the impact of increased UVB alone. Tables   Table 1: Conversion factor values computed for each site over 10 years. "NA" indicates data is not available for that site and year. 
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